Introduction
============

Infantile hemangioma (IH) is the most common tumor of infancy. Frequency of cutaneous hemangiomas at head and neck is \~60%.[@b1-cmar-9-279] Most hemangiomas begin a rapid growth shortly after birth. This early phase can last for a year, followed by a slow regression phase, which is much slower and can take 3--10 years.[@b2-cmar-9-279] Female infants are affected more often with IHs than males, by 3--5 times,[@b3-cmar-9-279] and the incidence of IH increased in premature infants.[@b4-cmar-9-279] The detailed cause of the female preponderance is not yet understood. However, several studies have suggested that estrogen (E2) can attribute to the female preponderance and the E2 signaling is important in angiogenesis.[@b5-cmar-9-279] Previous reports had shown that the level of E2 in healthy children was significantly lower than that in IH patients,[@b6-cmar-9-279] and estrogen receptors (ERs) could be found in the hemangioma tissue.[@b7-cmar-9-279] Some studies described that the levels of serum E2 and ERs in the proliferating IH tissue are observably higher than those in involuting phase.[@b8-cmar-9-279] E2 has neovascularization effects mediated by ERs. The effects of E2 on endothelial cell growth and function may play an important role.[@b9-cmar-9-279] By now, there are some research that suggested that E2 plays a potential role in the development of IHs, mainly by regulating some key angiogenic factors, including vascular endothelial growth factor-A (VEGF-A) and fibroblast growth factor 2 (FGF2). To reveal whether E2 and their receptor have direct effect on IHs, we investigated the effect of E2 in apoptosis, growth and expression of angiogenic factors of hemangioma-derived stem cells (HemSCs) using both in vitro and in vivo models.

Materials and methods
=====================

Cell culture and cell proliferation analysis
--------------------------------------------

HemSCs were isolated from Chinese proliferating hemangioma tissues by CD133 immunomagnetic beads. Human umbilical vein endothelial cells (HUVECs) and normal human dermal fibroblasts (NHDFs) were isolated and pooled from fresh tissues using the procedure described by Greenberger et al.[@b10-cmar-9-279] Cells were cultured in endothelial basal medium (EBM-2; CC-3162; Lonza, Basel, Switzerland) supplemented with 20% fetal bovine serum (FBS) and SingleQuot (CC-4176; Lonza). Each type of single-cell suspension was plated on to 96-well plates at a density of 4000 cells/well in 100 μL complete medium. All cells were incubated in a 5% carbon dioxide-humidified atmosphere at 37°C for 24 h. Cells were then treated for 48 h with different concentrations of E2: 0, 10^−9^, 10^−8^, 10^−7^, 10^−6^ and 10^−5^ M (Sigma-Aldrich, St Louis, MO, USA) in EBM-2 medium without FBS and supplemented with SingleQuots. Four duplicate wells were used for each experimental and control group. Cell proliferation was evaluated at different time points (from 1 to 7 days) with the methyl thiazolyl tetrazolium (MTT) assay (Sangon Biotech, Shanghai, China). A total of 20 μL MTT solution was added to each well, and the cells were incubated for an additional 4 h before the supernatant was removed and 150 μL of dimethyl sulfoxide (DMSO) was added to each well. The optical density of each well was detected at 490 nm with a microplate reader (Tecan, Männedorf, Switzerland).

RNA isolation and reverse transcriptase--polymerase chain reaction (RT-PCR), real-time PCR and enzyme-linked immunosorbent assay (ELISA)
----------------------------------------------------------------------------------------------------------------------------------------

A quantitative real-time RT-PCR assay was used to quantify VEGF-A and FGF-2 messenger RNA (mRNA). Media containing E2 were washed out, and all cells were serum starved for 24 h before harvesting RNA from cells. Total RNA was extracted using Trizol according to the manufacturer's instructions. Isolated RNA was converted to complementary DNA (cDNA) using Ex Taq reverse transcriptase enzyme (reverse transcription reagents; Takara, Osaka, Japan). All primers for the RT-PCR and real-time PCR were designed by Sangon Biotech. The gene expression level for VEGF-A was amplified by primers 5′ GCG GAT CAA ACC TCA CCA AG 3′ and 5′ GCT TTC GTT TTT GCC CCT TTC 3′ and that for FGF-2 was amplified by primers 5′AGT GTG TGC TAA CCG TTA CCT 3′ and 5′ ACT GCC CAG TTC GTT TCA GTG 3′. Reactions were carried out for 38 cycles with an annealing temperature of 65°C. An ELISA was performed with the use of VEGF-A and FGF-2 (R&D Systems, Minneapolis, MN, USA).

Western blotting
----------------

HemSCs were digested with 0.25% trypsin and then suspended in 100 mL lysis buffer. The lysates were solubilized in Laemmli sample boiled for 5 min and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were then transferred on to polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, Hercules, CA, USA) and blocked with 5% non-fat milk in phosphate-buffered saline (PBS)--Tween 20 (PBST) (0.05%) for 1 h at room temperature. The membranes were blotted with the primary antibody mouse monoclonal anti-human VEGF-A or FGF2 antibody (1:500; Peprotech, Rocky Hill, NJ, USA) at 4°C overnight under agitation. Membranes were then washed 3 times with PBS, followed by 1 h incubation with secondary antibodies (1:500; Abcam, Cambridge, UK) in darkness and subsequently washed 3 times with PBST. Bands were visualized using the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA).

Murine hemangioma model
-----------------------

This research was conducted in the Ninth People's Hospital, Shanghai Jiao Tong University School of Medicine, China, and approved by the ethics committee of Shanghai Jiao Tong University. The experiments were performed in accordance with the approved protocols, and the animals received good human care. The methods were also carried out in accordance with the approved guidelines. The human subject protocol was approved by the Committee on Clinical Investigation. Clinical diagnoses of IH were confirmed by histologic and immunochemical analysis carried out by the Department of Oral-Maxillofacial, Head and Neck Surgery at the Ninth People's Hospital Shanghai. Fresh tissue was harvested upon the surgical removal or sampling of proliferating IHs, HUVECs and NHDFs under a human subject protocol, which was approved by the ethics committee at the Ninth People's Hospital, Shanghai Jiao Tong University. Informed consent was obtained from parents/guardians of all the participants, in accordance with The World Medical Association Declaration of Helsinki. All animal studies were conducted in accordance with the Animal Experimental Ethical Inspection guidelines of Shanghai and were approved by the Institutional Animal Care and Use Committee at the Ninth People's Hospital, Shanghai Jiao Tong University.

The murine model of IH was produced, as described previously,[@b11-cmar-9-279] with 2×10^7^ HemSCs and 1×10^7^ HUVECs per mouse. Cells were mixed, sedimented, resuspended in 200 μL Matrigel (BD Biosciences, San Jose, CA, USA) and injected subcutaneously into the backs of BALB/C-nu mice (4 weeks, male). Microvessel density (MVD) was quantified as described previously.[@b12-cmar-9-279] Values that are reported for each experimental condition correspond to the average values obtained from all the individual mice. Mice were purchased from Shanghai Laboratory Animal Center. This study was approved by the Animal Ethics Committee of the Ninth People's Hospital, Shanghai Jiao Tong University School of Medicine.

Immunohistochemical analyses of VEGF-A and FGF2
-----------------------------------------------

Mixed HemSCs and HUVECs (2×10^7^ and 1×10^7^, respectively, in 200 μL Matrigel) were injected into 4-week-old mice. All mice were randomly divided to 5 groups (n=5 for each group) treated with different amounts of E2 (0, 0.01, 0.1, 1 mg) intramuscularly every week, control group administered with 0.1 mg DMSO instead. The subcutaneous implants were harvested at 1, 2 and 4 weeks, for hematoxylin and eosin (H&E) staining and MVD analysis. Immunohistochemical staining was performed on cryosections as follows: slides were fixed with 4% polyoxymethylene, blocked with 5% serum and the antigens repaired for 10 min. Sections were then incubated with glucose transporter-1 (Glut-1) antibodies at titer of 1:50 (Abcam) for 24 h at 4°C, followed by second antibodies (1:1000; Abcam) for 20 min at 37°C.

Laser scanning confocal microscope of CD31 and ER-α
---------------------------------------------------

Mixed HemSCs and HUVECs with the same quantity and proportion as those used in the murine IH model were injected into 4-week-old mice (200 μL Matrigel/animal), which were treated with 0.1 mg E2. One week later, graft was harvested. Sections of CD31 and ER-α were investigated by laser scanning confocal microscope.

Results
=======

Estrogen promotes HemSC and HUVEC proliferation
-----------------------------------------------

The HemSCs and HUVECs proliferate at similar rate under our culture condition. Under light microscopy, the cell density of the HemSCs dramatically increased on the 4th day and continued growing on day 6 and day 8 (as shown in [Figure 1A](#f1-cmar-9-279){ref-type="fig"}). Also, HUVECs' obvious growth was from day 3, day 5 and day 7 ([Figure 1B](#f1-cmar-9-279){ref-type="fig"}). Statistical result of the cell density over culture days was shown as OD in [Figure 1C](#f1-cmar-9-279){ref-type="fig"}. E2 increased the growth of HemSCs, HUVECs and NHDFs as low as 10 nM at day 3. This enhancement is in a dose-dependent manner from 10 nM to 1 μM ([Figure 1D](#f1-cmar-9-279){ref-type="fig"}). Treatment with NHDFs was used as the baseline for the cell viability assay. Treatment with 10 nM E2 increased the cell viability of both HUVECs and HemSCs to \~20% and 1 μM E2 increased the cell viability for almost 80%. Concentrations \>1 μM, such as 10 μM and 100 μM, did not increase the cell viability further but decreased a little bit to \~10% (*P*\>0.05).

VEGF-A was up-regulated with E2 treatment in HemSCs
---------------------------------------------------

Consistent with the result reported by Greenberger et al,[@b10-cmar-9-279] the HemSCs expressed higher level of VEGF-A mRNA than NHDFs and HUVECs did. E2 treatments (10 nM to 10 μM) dramatically increased the mRNA expression level of VEGF-A compared with the untreated HemSCs ([Figure 2A](#f2-cmar-9-279){ref-type="fig"}). The maximum augment was achieved with 1 μM E2 treatment, and there was no significant difference between the groups treated with 1 μM and 10 μM E2 (*P*\>0.05). Consistent with these results from the real-time PCR, gel electrophoresis of RT-PCR products of VEGF-A mRNA showed that the bend is obviously heavier when the E2 concentration was higher in the range of 10 nM to 1 μM ([Figure 2B](#f2-cmar-9-279){ref-type="fig"}). Also, the VEGF-A protein in HemSCs, which were treated with E2, was dramatically up-regulated, compared to the untreated control group ([Figure 2C and D](#f2-cmar-9-279){ref-type="fig"}). All these results confirmed that 10 nM E2 is enough to promote the expression of VEGF-A in both mRNA and protein levels, and this promotion was dose dependent up to, but not beyond, 1 μM.

Effect of E2 on FGF2 expression by HemSCs
-----------------------------------------

It has been recognized that FGF2 plays an important role in cell proliferation, so we also checked the expression of FGF2 level in HemSCs after the E2 treatment. Similar to VEGF-A, RT-PCR results showed that the expression of FGF2 mRNA is significantly enhanced by 10 nM E2 ([Figure 2B](#f2-cmar-9-279){ref-type="fig"}). The band was heavier in the range of 10 nM to 1 μM but lighter when the concentration of E2 is \>1 μM. Western blot analysis consistent with the results of RT-PCR, notable increasing of FGF2 protein levels was observed from 10 nM to 10 μM of E2 treatments. But there was no significance between groups treated with 1 and 10 μM E2 ([Figure 2D](#f2-cmar-9-279){ref-type="fig"}). These results sug gested that E2 has comparable augment for expression of both FGF2 and VEGF-A in HemSCs.

Effect of E2 on tumor angiogenic factors in the murine IH model
---------------------------------------------------------------

Previous studies showed that tumor development was significantly correlated with MVD, so we investigated the MVD by H&E staining in the murine tumors of IH mice after intramuscular injection of E2 ([Figure 3](#f3-cmar-9-279){ref-type="fig"}). We found that E2 treatment significantly increased the MVD with a dose of 0.01 mg for a week. And the maximum MVD was achieved with 0.1 mg E2 treatment for 2 weeks (*P*\<0.05; [Table 1](#t1-cmar-9-279){ref-type="table"}). Immunohistochemical staining showed that Glut-1 was highly expressed in the graft injected with E2 and localized at cytoplasm or lumen of blood vessel in endothelial cells ([Figure 3J, K and L](#f3-cmar-9-279){ref-type="fig"}). In our experiments, injection of E2 did not enlarge the volume of graft obviously (*P*\>0.05; [Table 2](#t2-cmar-9-279){ref-type="table"}). We also checked the expression of CD31 and ER-α in the draft from the E2-treated IH mice by immunostaining and laser scanning confocal microscope. Our results showed that CD31 and ER-α were strongly positively expressed on the cytomembrane, while 4′,6-diamidino-2-phenylindole (DAPI) showed nucleus in blue ([Figure 4A and B](#f4-cmar-9-279){ref-type="fig"}).

Discussion
==========

The effect of E2 is widely investigated, but very little is known about the mechanisms of E2 in IH. Previous studies in this field showed that E2 increased the mitotic rate and enhanced the DNA synthesis in endothelial cells. This enhanced mitotic rate may attribute to the increased cell permeability to proteins and other molecules.[@b13-cmar-9-279] It has been shown that E2 plays a role in the pathogenesis of hemangiomas formation by inhibiting endothelial cell apoptosis and inducing the expression of vascular adhesion molecules and integrins. Also, it has been reported that E2 induced expression of other angiogenic growth factors, such as basic fibroblast growth factor, insulin-like growth factor and transforming growth factor-β, and regulated proliferation of IH formation.[@b14-cmar-9-279] Our studies showed that E2 plays a pivotal role in the development of IHs. For the premature infants, especially the infants with low birth weight, the metabolism of the E2 may be slow and insufficient, and the abnormal high level of E2 up-regulated the angiogenic factors, such as VEGF-A and FGF2.[@b15-cmar-9-279] This results in the promotion of angiogenesis eventually. Long-term effects of E2 are characterized by inducing proliferation of endothelial cells in IH patients.[@b16-cmar-9-279] We found that E2 significantly promoted the proliferation of HemSCs and HUVECs in a dose-dependent manner. As one of the angiogenic factors, VEGF-A promotes vascular endothelial cells proliferation, migration and assembly into new vessels. It played an important role in IHs formation.[@b17-cmar-9-279] In this study, we found that E2 promoted HemSCs differentiation into vascular endothelial cells, which proliferate, circulate and participate in the development of vascular networks. E2 also increased the expression of VEGF-A and FGF2, which contribute to the early growth of IHs. It is anticipated that they will also contribute to vasculogenesis and extend the time of vasculogenesis in the involution.

VEGF-A and FGF2 are the main growth factors that promote vasculogenesis in proliferating hemangiomas.[@b18-cmar-9-279] Importantly, VEGF-A and FGF2 are proangiogenic growth factors that stimulate the proliferation and differentiation of ECs and promote vasculogenesis.[@b19-cmar-9-279] We detected high levels of VEGF-A and FGF2 in the proliferating IH tissues. We showed that even a low concentration of E2 (10 nM) is capable of up-regulating the expression of both mRNA and protein of VEGF-A in HemSCs. We also found that E2 up-regulated the expression of FGF2 in HemSCs; however, this effect is less pronounced when the concentration was \>1 μM. Specifically, we showed that the murine IH model has the most MVD when treated with 0.1 mg E2 for 2 weeks. This clearly demonstrated that E2 played a potential role in the development of IHs by regulating the key angiogenic factors VEGF-A and FGF2.

It has been reported that E2 promotes cell growth in angiogenesis leading to repairs in the aged vascular tissues by ER-α.[@b20-cmar-9-279] In this study, there was a clear expression of ER-α in the HemSC graft. And this expression of ER-α was up-regulated when the concentration of E2 was increased. Similar results were observed for the protein VEGF-A. So our hypothesis is that E2 up-regulated the expression of VEGF-A by combining with ER-α. It has been reported that ERs are also involved in this process that is induced by vascular angiogenic growth factors.[@b21-cmar-9-279] And our results are consistent with previous report. ECs lining the dilated venules of IHs have been found to contain enhanced fibrino-lytic activity. When E2 binds to its receptors in IH patients, it induces proliferation of the capillary, and acting through the ER may up-regulate this locally magnified, cell-associated fibrinolytic activity.[@b22-cmar-9-279] Based on these, we conclude that E2 promotes EC-mediated capillary formation by an activated ER-α. The ER-α agonists promoted EC activity and lead to rapid capillary formation. Previous reports showed that ER-α mediated E2-induced VEGF-A release, inhibited the cell growth of vascular smooth muscle and lesion formation and induced endothelial cell growth.[@b23-cmar-9-279]--[@b28-cmar-9-279] Serum E2 may be the most potential marker for diagnosing hemangiomas and determining the proliferating stage of hemangiomas. Here, we provided evidence that E2 promoted HemSC-mediated capillary formation via ER-α and the stimulatory actions of E2 are mediated by activated ER-α.

Our experiment also showed that E2 promoted proliferation of HemSCs. It promoted angiogenesis, and this role was maintained in the proliferation phase, until the serum E2 decreased in the involuted phase.

Current work may lead a new direction in the study of mechanisms for proliferation of hemangiomas formation. Future studies will further investigate the detailed signaling pathways involved in the E2-induced IHs. A more patient-specific therapy can be designed to prevent the proliferation of hemangiomas formation when identifying the specific target as a potential target in the E2 pathway. Especially, further studies of the detailed mechanisms for E2-induced IHs will produce effective E2 and ER antagonists as new medication.

All phases of this study were sponsored by the National Natural Science Foundation of China (81541041 and 81570992) and the Interdisciplinary of Shanghai Jiao Tong University (project number YG2015MS06).

**Author contributions**

LZ and WY participated in designing of the experiment, searched databases, extracted and assessed studies and helped to draft the manuscript. LZ and HWW participated in the conceptualization and design of the experiment, data extraction and analysis and wrote the manuscript. WY and JWZ conceived the initial idea and the conceptualization, participated in the data extraction and analysis and revised the manuscript. All authors read and approved the final manuscript.

**Disclosure**

The authors report no conflicts of interest in this work.

![(**A**, **B**) Microscopic photos of HemSCs and HUVECs that were cultured in vitro; (**C**) growth curve of HUVECs and HemSCs and (**D**) MTT assay for cells being treated with E2 over 48 h.\
**Abbreviations:** HemSCs, hemangioma-derived stem cells; HUVECs, human umbilical vein endothelial cells; MTT, methyl thiazolyl tetrazolium; OD, optical density; NHDF, normal human dermal fibroblast; d, days.](cmar-9-279Fig1){#f1-cmar-9-279}

![(**A**) Real-time PCR analysis of VEGF-A mRNA transcript levels; (**B**) RT-PCR showing increase in mRNA expression of VEGF-A with increasing concentration of E2 (\**P*\<0.05); (**C**) ELISA of VEGF-A and FGF2 in supernatants of HemSCs treated with different concentrations of E2. Note the dose-dependent promotion of VEGF-A and FGF2 secretion and (**D**) Western blot of VEGF-A and FGF2 protein in HemSCs treated with different concentrations of E2.\
**Abbreviations:** PCR, polymerase chain reaction; mRNA, messenger RNA; RT, reverse transcriptase; HemSCs, hemangioma-derived stem cells; FGF2, fibroblast growth factor 2; VEGF-A, vascular endothelial growth factor-A; bFGF, basic fibroblast growth factor.](cmar-9-279Fig2){#f2-cmar-9-279}

![(**A**--**C**) E2 induces tumorigenesis in the in vivo IH model (1W, 2W and 4W); (**D**--**F**) representative H&E-stained section (1W, 2W and 4W, ×200); (**G**, **H**) representative H&E-stained section (1W and 2W, ×400); (**I**) statistical comparison of MVD in murine tumor tissue (\**P*\<0.05); (**J**--**L**) immunohistochemical staining of Glut-1 (1W, 2W and 4W).\
**Abbreviations:** IH, infantile hemangioma; W, weeks; H&E, hematoxylin and eosin; MVD, microvessel density; DMSO, dimethyl sulfoxide.](cmar-9-279Fig3){#f3-cmar-9-279}

![(**A**, **B**) Laser scanning confocal microscope of CD31 and ER-α. Immunofluorescence analysis showed that DAPI was stained blue in the nucleus and CD31 and ER-α were positively expressed in the cytomembrane.\
**Abbreviation:** ER, estrogen receptor.](cmar-9-279Fig4){#f4-cmar-9-279}

###### 

Volume of tumor (mm^3^)

  Time   Group 1    Group 2    Group 3    DMSO       Control
  ------ ---------- ---------- ---------- ---------- ----------
  1W     24.9±2.6   25.1±1.1   25.1±1.3   24.2±1.4   23.5±1.8
  2W     25.5±1.6   25.9±0.8   24.7±1.0   23.9±2.1   24.5±1.7
  4W     26.0±0.7   26.1±1.2   23.7±1.1   22.9±1.3   25.7±1.9

**Abbreviations:** DMSO, dimethyl sulfoxide; W, weeks.

###### 

Results of MVD in 5 groups (mm^2^)

  Time   Group 1    Group 2    Group 3    DMSO       Control
  ------ ---------- ---------- ---------- ---------- ----------
  1W     59.1±0.6   65.3±2.1   66.2±1.5   34.2±0.4   40.5±1.7
  2W     62.5±1.1   69.9±1.8   68.7±1.1   31.9±1.3   43.5±1.2
  4W     64.0±0.9   68.9±1.7   60.7±1.3   27.3±1.2   37.7±1.8

**Abbreviations:** MVD, microvessel density; DMSO, dimethyl sulfoxide; W, weeks.
